Ultranonocrystalline diamond / hydrogenated amorphous carbon composite thin films consist of three different components; ultrananocrystalline diamond crystallites, hydrogenated amorphous carbon, and grain boundaries between them. Since grain boundaries contain a lot of dangling bonds and unsaturated bonds, they would be a cause of carrier trap center degrading device performance in possible applications such as UV photo-detectors. We experimentally demonstrate hydrogen atoms preferentially incorporate at grain boundaries and terminate dangling bonds by means of several spectroscopic techniques. XPS measurements cannot detect quantitative transitions of sp 2 -and sp 3 -hybridized carbons in the films, resulting in 55-59 % of sp 3 contents. On the other hand, FT-IR and NEXAFS exhibit some variations of the amounts of certain carbon hybridization for sure. The former confirms the transformation from sp 2 to sp 3 hydrocarbons by ~10 % by additional hydrogenation, and the latter represents chemical configuration changes from π* C ≡ C and π* C = C to σ* C − H . These results can be an evidence of localized hydrogen at grain boundaries, which plays a part in terminating dangling bonds and unsaturated bonds, and hydrogenation can be an effective tool of an enhancement of photovoltaic performance in the above sensing applications.
I. INTRODUCTION
Diamond is well known for its tetrahedral structure and configuration of sp 3 -hybridized carbon, giving rise to some original characteristics; for example, its super hardness, excellent thermal conductivity, chemical inertness, and electrically intrinsic in case of undoped. Diamond is able to be synthesized artificially by means of a variety of chemical vapor deposition (CVD) techniques in common, such as hot-filament CVD (HFCVD) [1, 2] , microwave plasma CVD (MWCVD) [3] , and radio-frequency plasma CVD (RFCVD) [4, 5] , which perform depositions mainly under methane and hydrogen and/or argon gases atmosphere. These man-made diamonds are divided based on their crystallinity into singlecrystal diamonds or poly-crystalline diamonds. Furthermore, the latter can be classified in more detail according to their grain size; micro-crystalline diamonds (MCDs) or nano-crystalline diamonds (NCDs) in 10 to 100 nm and a few hundred nanometers to several hundred micrometers in diameter, respectively. Especially, NCDs comprising crystallites with less than 10 nm in grain size are sometimes called ultra-nanocrystalline diamonds (UNCDs) [6] . Single-crystal diamonds are composed of highly ordered carbon atoms, hence they possess long-range order in atomic scale, on the contrary, poly-crystalline diamonds consist of carbon atoms oriented totally at random, and of large number of interfaces, namely grain boundaries (GBs). In addition, meta-stable fractions are inevitably contained in poly-crystalline diamonds, which are different from diamond crystallites, and they are called amorphous carbon (a-C) or hydrogenated-amorphous carbon (a-C:H). In general, amorphous fractions tend to expand and the number of GBs among diamond grains increase with the decrease of the grain size, therefore the properties of an a-C and an a-C:H are reflected more conspicuously on those of the whole diamonds. Since a-C and a-C:H fractions don't possess certain crystallinities, it is difficult to describe the physical properties precisely. In spite of it, there have been some theoretical studies predicting some of them such as electrical [7, 8] , structural [9] [10] [11] ones since over forty years ago. How-©2019 Naofumi Nishikawa All Rights Reserved. ever, general NCDs and UNCDs are rather composite materials with such an a-C and/or an a-C:H, and therefore, they necessarily contain GBs that include various chemical bonding configurations and dangling bonds, which makes the problem more tough and complicated. That's the reason why it is worthy of much attention from scientists and vigorous investigations and discussion have been done both from theoretical and experimental approaches in recent years.
As stated above, while UNCD thin films are grown under argon-rich atmosphere preventing an enlargement of diamond grains and fostering re-nucleation via CVD methods [6] , Yoshitake's group has realized UNCD fabrications by use of two other techniques. The one is pulsed laser deposition (PLD) method that can prepare the films by employing excimer laser ArF as an excitation light source, and irradiating it on a solid graphite target under hydrogen atmosphere [12] . Another is coaxial arc plasma deposition (CAPD) technique, which can synthesize the films by applying pulsed voltages directly to a graphite target [13] . In each UNCD fabrication process, CVDs utilize seed crystals as a precursor and repeat nucleation to prepare the films with dense UNCD crystallites. On the other hand, physical vapor deposition (PVD) methods such as PLD and CAPD perform nucleation in each pulse of excimer laser irradiation or arc discharge, resulting in the forms of UNCD grains being embedded into a-C or a-C:H matrices and interspersed inside them [14, 15] . As a result of it, UNCD films with higher compositeness are synthesized, which can also be called UNCD / a-C or UNCD / a-C:H composite films and also be written as "UNCD / a-C" or "UNCD / a-C:H" films as firstly named by C. Popov et al. [16] . a-Cs and a-C:Hs that belong to a family of diamond-like carbons (DLCs), consist of a variety of sp 3and sp 2 -hybridized carbons, and the ratio of sp 3 to sp 2 carbons have a large effect on the physical properties of UNCD / a-C and UNCD / a-C:H films. Particularly, CAPD method is the most functional in controlling hydrogen content in the films among all techniques mentioned above, since it's able to grow the films with no hydrogen gas [17] . Hence, it is vital for predictions on many sorts of features that the films by CAPD possess to investigate how and how to extent hydrogenation exerts influences on their chemical bonding configurations, i.e. sp 3 and sp 2 bonds, which largely affect the physical properties of the films. UNCD / a-C and UNCD / a-C:H films synthesized by CAPD have been studied up to the present, by taking the advantages of conventional diamonds, toward the applications not only to hard coatings [18] [19] [20] [21] [22] and thermoelectric conversion elements [23] , but also to optoelectronic devices such as photovoltaics [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . As mentioned above, UNCD / a-C:H films prepared by CAPD include more a-C and/or a-C:H fractions and GBs that would act as generation sources of photo-induced carriers, which might be a cause of extremely large light absorption coefficients excessing 10 5 cm −1 in the photon energy range of 3 to 6 eV [15] . This value is at least two orders of magnitude larger than those of the films synthesized by common CVD techniques, that's why UNCD / a-C:H films by CAPD are preferable potential candidates for UV photodetector applications.
Actually to date, p-and n-type conductions of the UNCD / a-C:H films by CAPD have been already realized by doping boron [24, 25] and nitrogen [28] , respectively in experimental conditions, and pn heterojunction diodes have been also fabricated by depositing these films on n- [24] and p-type [28] single-crystalline Si substrates. In recent research, it has been clarified that hydrogenation would be a key factor of an enhancement of photovoltaic performance in these diodes [26, 27, 33] . And as a result of the latest study, it was indirectly confirmed through electrical properties of the diodes that hydrogenation would be assisted with a control of applied pulsed voltages to a graphite target equipped with an arc gun, by customizing an apparatus similar to CAPD one in principle [33] . However, it is unclear how hydrogenation induced with this technique has an effect on the chemical bonds of the films.
In this work, we characterize the UNCD / a-C:H films by Xray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), and near-edge X-ray absorption fine structure (NEXAFS), to investigate hydrogenation effects on chemical bonding configurations of the films. From the experimental results, we demonstrate quantitative transition of specific chemical bonds which is an evidence of hydrogenation localized at GBs of the films.
II. EXPERIMENTAL
UNCD / a-C:H films doped with a small amount of boron were prepared on insulating single-crystalline Si substrates by changing an applied voltage to an arc gun. Boron-doping in the films will be realized by operating arc discharge by use of a graphite target blended with 1.0 atomic (at.) % boron content, equipped with an arc gun, as similar to a previous study [24] . Since several studies have reported that hydrogenterminated diamond surfaces exhibit week p-type conductions in some kinds of CVD diamonds [37] [38] [39] , it is considered to be preferable for consistent discussion being conducted to prepare the films mentioned above, based on a hypothesis that our films also possess the same or similar conductions. These films were deposited with applied voltages of 70, 85, 100, and 115V to the arc gun. All of the films were synthesized under the same preparation conditions with our recent paper [33] , and the whole film fabrication process and a principle of controlling hydrogen content by changing an applied pulsed voltage are described in Ref. [33] . XPS and NEXAFS measurements were performed at beamline 12 of Kyushu Synchrotron Light Research Center. Mg Kα line (hν = 1253.6 eV) and 350 eV X-rays were employed as light sources of both measurements. FT-IR spectra were obtained by FT / IR-4200 type A of DJK Corporation.
III. RESULTS AND DISCUSSION
A. XPS characterization Figure 1 shows the wide-scan XPS spectra in boron-doped UNCD / a-C:H films with different applied voltages to the arc gun. The most prominent peaks in every spectrum in the photon range of 285 ± 2 eV indicate an existence of carbon 1s (C 1s) orbitals. This means that the largest constituents of the films are carbon-system materials such as diamonds, a-Cs, and a-C:Hs. The secondly distinct peaks positioned at 532 ± 3 eV are equivalent to oxygen 1s (O 1s) spectra, which will be attributed to surface oxidation of the films, since argonion bombardment treatments would clearly vanish them as reported previously [40] . Peak intensities at 191 ± 1 eV originating from boron 1s (B 1s) orbitals are too weak to find as compared to those of C 1s and O 1s ones. However, this figure is almost the same with those of experiments in UNCD / a-C:H films fabricated similarly by PLD [40, 41] and CAPD [26, 36] methods. In addition, the peak has been observed in a similar material Q-carbon that was discovered recently [42] . Therefore, it doesn't mean that boron atoms are not incorporated in the films and would rather be included since the films are fabricated in a similar manner of Ref. [26] . The spikes of the peaks located at around 980 eV would be attributable to Carbon KVV Auger transitions, as the similar jumps were observed in both boron-doped MCD [43] and a-C:H [44] thin films. In summary, these specific peaks stemming from s-orbitals of carbon, oxygen, and boron atoms as well as their whole pictures are typical ones of boron-doped UNCD / a-C:H films, thus boron-doped UNCD / a-C:H films are presumably considered to be synthesized in actual.
To be discussed quantitatively about the carbon hybridizations comprising the films, C 1s spectra were examined for an assessment of sp 3 -bonded carbons relative to sp 2 -bonded ones. After the charge-up effects were adequately removed, all of the spectra were normalized to make them possible to compare with each other. Normalized spectra are illustrated in Fig. 2 (a) with the original ones in the inset. All of them seem to be almost overlapped mutually. The reason is discussed afterwards accompanied with the next results of the deconvoluted spectra.
To investigate variations of the relative amounts of sp 2 -and sp 3 -coordinated carbons contained in the films by hydrogenation, these spectra were deconvoluted by use of a fitting program 'XPS peak 41'. All of the spectra are deconvoluted by Voigt curves consisting of Gaussian and Lorentzian functions, after the backgrounds are subtracted by Shirley's method [45, 46] . The references of the peak positions describing sp 2 -and sp 3 -hybridized carbons and C−O−X at 284.5, 285, 286 eV, in order are employed to decompose the spectra, which successfully deconvoluted the spectra of the films synthesized under the most similar conditions by CAPD in a recent work [23] . As shown in Figs. 2(b)-(e), the full width at half maximum (FWHM) of the spectra of sp 3 -coordinated carbon falls within the range of 0.97 to 0.99 eV, all of which can be regarded as almost identical taking account into the X-ray photoelectron measurement sensitivity.
These values are almost the same with those of UNCD / a-C (0.99 eV) and UNCD / a-C:H (0.98 eV, depending on the preparation conditions) films by CAPD reported previously, and smaller than those of various DLCs collected in some previous works (for instance, 1.04 and 1.06 eV in a-C and a-C:H films by PLD, 1.3 eV in a-C:H films by RFCVD, 1.3 to 1.5 eV in hard a-C films fabricated by cathodic arc plasma). All of these values are summarized in TABLE Ⅰ.
Since a general understanding describes that smaller values of FWHMs sharpen the peaks, in other words, more existence of the chemical bonding atoms, this case indicates that more This is in good agreement with a notion of hydrogenation transforming sp 2 bonds at GBs and a-C and/or a-C:H fractions to sp 3 bonds, resulting in the increase of the amount of sp 3 bonds relatively. On the other hand, the hydrogenation effect scarcely changes both of the values of FWHMs of sp 3 and sp 3 / (sp 2 +sp 3 ) ratio. This might indicate that XPS cannot detect the hydrogen-terminated carbons as a previous work explained in case of a-C:H films by RFDVD [47] , taking into consideration that the hydrogenation certainly enhanced photo-induced carrier under UV illumination, of the diodes comprising these UNCD / a-C:H films fabricated under totally the same conditions, which implies the hydrogenation would affect the morphology of the films [33] . Or hydrogen might be appended to oxygen at the film surface to form hydroxyl carbon that will also not to be detected based on a previous report as for boron-doped MCD [49] . Both of them are attributable to the limitation of XPS resolution. Especially regarding our films, the difference of binding energy in between sp 2 -and sp 3 -hybridized carbons adopted this time is 1.3-1.5
Hard a-C Arc-PVD [48] 0.5 eV, which is the smallest value as far as to be known from previous research reported up to the present both from theoretical (1.0 eV) and experimental (varying from 0.55 to 1.0 eV depending on the fabrication conditions) approaches in case of a-C and a-C:H films synthesized by a variety of techniques, as listed in TABLE Ⅱ. The narrower gap of binging energy makes it more difficult to deconvolute the spectra mainly owing to the resolution restrictions. Hence, our UNCD / a-C:H films are not sensitive to XPS analysis, which reflects well on the almost identical pictures of photoelectron C 1s spectra as shown in Fig. 2(a) , in spite of a control of the applied voltages that showed vivid variations of electrical characteristics [33] . In the meantime, some of the previous works certainly detected the relative increase of sp 3 -bonded carbons by means of hydrogenation that were conducted by changing base pressure of hydrogen in a chamber [18, 23] . The reason for it is unclear at present. One interpretation here is the hydrogenation by controlling the applied voltage might have occurred inside the films enough deeply not to be detected by X-ray photoelectron, different from those by increasing hydrogen pressure in a chamber, because X-ray can penetrate only several nanometers at the film surface to investigate chemical bonging configurations within this range.
B. FT-IR characterization
FT-IR was employed to obtain C−H stretching bands in the region between 2800 and 3100 cm −1 , which is functional in quantitatively determining the chemical bonds of some hydrocarbons in the UNCD / a-C:H films, with the variation of hydrogen contents that would be changed with the control of Baselines were set with proper approximations to remove an effect of interference fringes. All of the peak deconvolutions were performed based on the previous report [14] as reference with gaussian functions. Concretely, each peak position is centered at 2854 eV (Symmetric 0.8 (Expt) a-C PLD [51] 0.9 (Expt) a-C PLD [52, 53] 0.95 (Expt) a-C IBD [54] 1.0 (Theor) a-C PLD [53] 1.0 (Expt) ta-C Arc-PVD [55] an applied voltage to an arc gun. The results are illustrated in Fig. 3 except for the case of 100 V which represented its atypical form. All of the FT-IR spectra are well deconvoluted by gaussian functions after baselines were set to be approximated properly. This time the peak positions in all decomposed spectra stemming from CHn (n = 2, 3) bonds are referred to a previous work [14] that could've deconvoluted spectra well obtained in some subsequent works. Especially for a case that an applied voltage is 70 V [Fig. 3 (a) ], prominent interference fringe effect is observed, hence it is removed by approximating baseline from the whole figure. As a result of the peak deconvolution, symmetric sp 3 -CH3 (2884 cm −1 ) and asymmetric sp 3 -CH3 (2955 cm −1 ) are confirmed to be increased with less applied voltages. In addition, asymmetric sp 2 -CH2 (3082 cm −1 ) are clearly vanished in accordance with that. The reason for it would be dangling bonds at GBs between UNCD grains and a-C and/or a-C:H fractions that are composed of sp 2 -CH2 are terminated by hydrogenation and converted to sp 3 -CH3. This interpretation is in consistency with the previous results of research on photovoltaic action in the diodes consisting of the boron-doped UNCD / a-C:H films fabricated under completely the same conditions [33] . Regarding sp 2 -bonded hydrocarbons as they colored light green in Fig. 3 , there are all sorts of them state of existence in any cases. This would indicate an incorporation of a typical a-C and a-C:H since a common knowledge of a-C and a-C:H films describes that a variety of sp 2 -and sp 3 -hybridized hydrocarbons are contained in them and the amount of sp 1 -bond is negligibly small compared with those of them [56] . Therefore an a-C:H fraction surely occupies borondoped UNCD / a-C:H thin films to a certain extent as previously studied in case of undoped films [14, 15] . The ratio of the total amounts of sp 2 -hybridized hydrocarbons consisting the films against those of all sorts of hydrocarbons changes from ~23 % (85 and 115 V) to 13 % (70 V), by reducing an applied voltage, i.e. increasing presumable hydrogen content in the films. As we can easily confirm from the deconvoluted spectra [blue and light green colored in Fig. 3 ], the only sp 2and sp 3 -bonded hydrocarbons consist of the entire films in all cases. Hence, it is considered that a portion of value differences calculated at 10 % sp 2 -bonded hydrocarbons is terminated by additional hydrogen and deformed to sp 3 -bonded ones. These value transitions are in good agreement with the results of current-voltage (I-V) characteristics of the heterojunction diodes (compare figures in Ref. [33] ), that's why all of the results and discussion in this subsection explains quite well the previous experimental results.
C. NEXAFS characterization
NEXAFS technique, which is a powerful tool of local bonding configuration analysis of both organic and inorganic materials [57] , was employed to investigate those of our films in more detail. NEXAFS spectra of the films deposited with applied voltages of 70, 85, and 115 V are shown in Fig. 4 .
Here, a spectrum of that of 100 V exhibited its anomalous figure, therefore we discuss this topic except for it.
The NEXAFS spectra of our films would be superposition of wave functions of electrons excited both from graphitic bonds contained in an a-C and/or an a-C:H, GBs and covalent bonds in UNCD grains, considering their components. To facilitate discussion, every spectrum shall be divided into two components at a photon energy of ~291 eV where a large absorption begins, based on their contributions. A portion ranging no more than the dividing point derives from an a-C and/or an a-C:H [48, 59] , and the other does UNCD grains as well as an amorphous part. The former is attributed mainly to π* transition, however σ* transition is also the cause of it to some degree. This fraction is highly convoluted with some spectra originating from different bonding excitations and the details are discussed afterwards. The latter, comparatively broad bands, originates from several σ* resonances. In order to elucidate these contributions, arctangent steps (dashed curves) are fitted to the spectra corresponding to an onset of σ* excitation after the post-edges are normalized. Although these broad σ* bands are due to both UNCDs and an a-C, an a-C:H, a sharp core exciton peak positioned at around 289.5 eV, just before an outset of the σ* absorption, and a dip stemming from second band gap at 302.5 eV [60, 61] , both of Pre-edge ranging a photon energy of no more than 283 eV and post-edge more than 314 eV are normalized as similar to a previous study [58] . Each dashed curve expresses σ* excitation related to diamond approximately fitted with arctangent function steps.
which are original to diamonds, have not been confirmed.
This might be owing to a structural feature of UNCD / a-C:H films synthesized by CAPD, most of which comprise an amorphous part and the amount of diamonds are not enough large to be detected clearly by NEXAFS spectroscopy. In addition, it might be a supportive explanation that there have been a couple of reports that UNCDs exhibit less noticeable core exciton edge of diamond compared with that in singlecrystal diamonds [62, 63] . It can be confirmed that the intensity of this σ* band increases with diminishing an applied voltage. This might be because hydrogenation induced by controlling an applied voltage stabilizes diamond surface and/or an amorphous fraction to form σ* bonds. However, this is a rough estimation and few thorough investigations on this part, which can be comparatively discussed with our results, have been reported up to now. Further research on it will be published elsewhere. Next we study the region of less than ~291 eV in a photon energy, and this area is emphasized in Figs. 5(a) -(c).
All of the spectra can be approximately deconvoluted with gaussian and arctangent functions after the backgrounds are subtracted and pre-and post-edges are normalized. All of the above analytical process were performed with XAFS analysis software 'Athena' [65] .
Firstly, a peak originating from σ* C−B that will appear at 286.9 eV confirmed in the films by PLD [66] couldn't be confirmed since its amount is too small to be detected by NEXAFS. One of the most prominent appearance change in the NEXAFS spectra occurs at around a photon energy of 285 eV [see Figs. 5(a)-(c)]. Most of this contribution originate from π* C=C that appears its peak positioned 284.8 eV at the center as expressed with blue curves in Figs. 5(a)-(c). However as shown in Fig. 5(d) , the amount of the content of this chemical bond hardly varies with the change of an applied voltage to an arc gun. On the other hand, a peak positioned at 286.2 eV (green colored) that derives from σ* C−H clearly becomes conspicuous as the voltage decreases [see also Fig.  5(d) ], i.e. more hydrogenated. In addition, another peak situated at 287.3 eV (light green) stemming from π* C≡C becomes noticeable in accordance with the increase of the voltage, conversely. These quantitative transitions of any chemical bonds should be an evidence that the hydrogen termination certainly occurs inside the films because well-known nature of hydrogenation preferentially reacts with C≡C rather than C=C into C−H, which is often utilized as catalysis. These double-and triple-bonded carbons are localized at amorphous part or GBs between UNCD grains and amorphous as mentioned earlier in Sec. Ⅰ. From previous studies on the electrical conductivity [26] and rectifying action [33] of pn heterojunction diodes including p-type UNCD / a-C:H thin films, hydrogenation would be more effective on GBs rather than a-Cs, therefore it is persuasive interpretation in the results obtained this time that such hydrogenation by controlling an applied voltage would terminate π* C≡C mostly and π* C=C partially existing as dangling bonds at GBs to be transformed into σ* C−H. This explanation never contradicts with the results of FT-IR analysis in the previous subsection, instead it can be in good agreement with the discussion on FT-IR spectra.
IV. SUMMARY, CONCLUSIONS AND OUTLOOK
We have extensively investigated the influence of hydrogenation on UNCD / a-C:H thin films by use of several spectroscopic techniques and discussed on it in depth. The summary of each subsection in Sec. Ⅲ is as follows. XPS characterization. XPS technique cannot detect hydrogen-terminated carbons as the same results have been reported several times in some similar materials. On the contrary, there are a couple of reports stating the opposite results up to now. This issue is under controversy at present.
FT-IR characterization. Several deconvoluted spectra of C−H stretching bands exhibit explicit quantitative transition of sp 2 -to sp 3 -hybridized hydrocarbons induced by more hydrogenation. This result is an evidence of hydrogen-termination of double-bonded systems at GBs between UNCD crystallites and an a-C and/or an a-C:H, and/or amorphous area.
NEXAFS characterization. It has been demonstrated that hydrogenation induced by changing an applied voltage to an arc gun has an influence mainly on π* C≡C and slightly π* C=C that behave as dangling bonds at GBs between UNCD crystallites and a-C and/or a-C:H fractions.
The most emphasized in this paper is the considerations in NEXAFS characterization part, which is strongly supported by FT-IR characterizations. These interpretations explain well the studies reported up to the present on the carrier transport mechanism in the pn heterojunction diodes comprising the boron-doped UNCD / a-C:H films and n-Si substrates [26, 27] . This nature would be applicable not only to nitrogen-doped UNCD / a-C:H films [28] [29] [30] [31] [32] 34] , but also to the films fabricated by PLD and CAPD for some applications, since it affects physical properties of the films, such as electrical, mechanical ones, etc. As for the optoelectronic applications, dangling bonds at GBs play a role in trap center for photo-induced carrier, which degrades the device performance, therefore it is experimentally and nano-structurally clarified that hydrogenation is an effective tool for an enhancement of the device capability.
